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~inety-seven isofemale lines from 20 Australian populations of D. simulans collected along an 18' latitudinal gradient 
were assayed for adult weight, alcohol dehydrogenase activity and ethanol tolerance. No  significant variation among 
lines was found for weight, but ADH activity and ethanol tolerance varied significantly among isofemale lines within, 
although not between, populations. The latitudinal homogeneity of both characters in Australia is consistent with 
similar results reported previously for this species in the northern hemisphere. However, the results contrast with the 
latitudinal clines ia activity and tolerance which have been reported in populations of the sympatric sibling species D. 
melanogaster in both hemispheres. The contrast suggests that the characters are under different selective pressures in 
the two species. 
Vlost patterns of geographic variation in allele 
frequency can be explained by either stochastic or 
selective processes, depending on the assumptions 
made about migration and population size 
(Lewontin, 1974). However, stochastic explana- 
tions can be discounted if the pattern for a 
particular polymorphism is found to recur across 
separate patches of a species distribution and 
across sibling species with similar ecologies. We 
have previously reported such recurrence for two 
electrophoretically detectable enzyme poly- 
morphism~ shared by the cosmopolitan sibling 
species Drosophila melanogaster and D. simulans 
(Anderson and Oakeshott, 1984). Populations of 
the two species in both hemispheres show con- 
sistent latitudinal clines in the frequencies of 
shared Est-6 alleles and consistent latitudinal 
homogeneity for the frequencies of shared Pgm 
alleles. Notwithstanding the contrasting geo- 
graphic patterns for the two polymorphisms, we 
concluded that the consistency of the pattern for 
each polymorphism across the two hemispheres 
and the species barrier was good evidence for the 
action of natural selection. Furthermore, we sug- 
gested that the consistency across species indicated 
similar mechanisms of selection on each poly- 
morphism in the two species. 
Here we complete a comparison of latitudinal 
patterns of variation in both hemispheres and 
species for quantitative characters concerned with 
tolerance to environmental ethanol. Ethanol toler- 
ance is one of the very few characters of possible 
ecological relevance in which the two species have 
been shown to diner (Parsons, 1983; Anderson, 
1985). In laboratory tests ethanol tolerance is 
higher in D. melanogaster than D. simulans and it 
has been claimed that this difference underlies the 
greater utilisation by wild D. melanogaster of 
wineries (McKenzie, 1974; Monclus and ~revosti, 
1979; Marks et a t ,  1980) and high alcohol fruit 
habitats (Oakeshott et a& 1982). 
It is presently unclear whether latitudinal pat- 
terns of variation in ethanol tolerance differ con- 
sistently between the two species. For D. 
melanogaster, ethanol tolerance clearly increases 
with increasing distance from the equator in both 
the northern and southern hemispheres (David and 
Bocquet, 1975a; Stanley and Parsons, 1981; Ander- 
son, 1982; Cohan and Graf, 1985). However, for 
D. simulans, ethanol tolerance is apparently 
unrelated to latitude in the northern hemisphere 
(David and Bocquet, 1975a), while in the southern 
hemisphere evidence based on only three 
populations suggests a latitudinal cline parallel to 
that for D. melanogaster (Stanley and Parsons, 
1981). 
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I f  substantiated by further sampling, a 
latitudinal cline for tolerance in D. sirnulans in the 
southern hemisphere would negate the consistency 
of the geographic patterns both across species and 
across continents within D. sirnulans. it would then 
be difficult to support an hypothesis that natural 
selection underlies the geographic variation in 
tolerance in preference to an explanation based 
on stochastic processes during colonisation and 
migration events. We have therefore assayed the 
ethanol tolerance of 20 recently captured Aus- 
tralian populations of D. sirnulans covering an 18' 
latitudinal range. We have also screened these 
populations for two characters thought to con- 
tribute to ethanol tolerance, namely weight (Oake- 
shott and Gibson, 1981) and the activity of the 
enzyme alcohol dehydrogenase (ADH; Gibson 
and Oakeshott, 1982). 
MATERIALS A N D  METHODS 
The 20 localities from which the experimental 
populations were collected were Mt. Molloy 
16 '41 'S ,  143-20'E),Cairns(16-55 S, 145'45'E). 
Mareeha north i 17'0'S. 145'26' E )  Mareeha 
south ( 17" 0 5 ,  145' 26' E t. Innisfail ( 17'32 S. 
146- 1 hi, Rdvenshoe i 17  36 S,  145- 59 E),  
Ingharn \ 18 39 5, 146 10 t), Townsville 
(19'16'S, 146'49'E), Ayr (19'34'S, 147'29'E), 
Mackay ( 2  l o  9' S, 149' 1 1 '  E) ,  Rockhampton 
(23' 22' S, 1 SOQ 32' E ) ,  Maryborough (25O 32' S, 
13- -5 L), <J)Illpisi  +fa 11 b, 13- 4U b), i\dm- 
hour (26' 38' S, 152Â 58' E), Brisbane (27' 28' S, 
153O 1' E), Allora (2g02'S, 151Â°59'E) Kempsey 
(31Â°5'S 152'50' E), Taree (31Â°54'S 152'29' E), 
Sydney (33' 53' S, 151' 13' E) and Adelaide 
(34' 56' S, 138' 36' E). About five isofemale lines 
were established from each collection, giving a 
total of 97 isofemale lines. The assays described 
below were carried out after these lines had spent 
four or five generations in the laboratory. Gen- 
erally two replicate cultures of each isofemale line 
were assayed. All assays were carried out on adults 
aged six to eight days since emergence at 22'C. 
ADH activity was assayed in one homogenate 
of about 20 weighed adult males from each repli- 
cate culture. The assay utilised 2-propanol as a 
substrate and followed the method and standard 
conditions of Chambers ef al. (1981 ). 
Ethanol tolerance was estimated for two 
cohorts of up to 50 flies for each sex from each 
replicate culture. The two cohorts were tested on 
standard medium supplemented with 3-5  per cent 
and 5 per cent ethanol respectively. Flies were left 
on the ethanol food for 7 days, after which time 
the survivors and casualties were counted. The 
number of replicate cultures assayed for tolerance 
was smaller for males than for females, due to the 
use of many males in the ADH activity assays 
above. 
The six variables to be analysed were thus the 
weight of adult males, ADH activity in adult males, 
the survival percentages of females on 3-5 per cent 
and 5 per cent ethanol (F3-5 and F5), and the 
survival percentages of males on 3-5  per cent and 
5 per cent ethanol (M3-5 and M5). Before statis- 
tical analysis, weight and ADH activity were 
logarithmically transformed and the tolerance vari- 
ables were angularly transformed. 
RESULTS 
Fig. 1 shows the variation among the 20 popula- 
tions for all six variables. In table 1 the data for 
each variable have been subjected to a nested 
analysis of variance in order to estimate the propor- 
tion of variance among populations, the propor- 
tion among lines within populations and the pro- 
portion dmong replic~te cultures within line^. 
Weight not found  to Vtir! signiticantl! among 
line< either within or between populations. 
However, there was considerable variation in ADH 
activity among lines, the largest value being 2-7 
times that of the smallest. The ADH activity vari- 
1rinr- - - I -  isionifirnnt nmonf l ineq  ' Â ¥ ; t h i  nopula- 
tions but not among populations. Ethanol toler- 
ance also varied considerably among lines, for 1 
example from 12 per cent to 100 per cent for the 
least severe test, F3-5. Again there was no sig- 
nificant variation among populations. However, .: 
4 
Table 1 ~ e s t e d  analyses of variance for weight (WT), ADH 
activity (ADH) and four measures of ethanol tolerance 
(F3-5.  F?, M?-5 and M5). Numbers given are the percen- 
tages of the total sums o f  squares among populations, 
among isofemale lines within populations and among repli- 
cate cultures within lines 
Source of 
variation WT ADH F7-5 F5 M3-5 M5 
Populations 1 1  15 1 1  20 1 1  30 
Lines 45 592 52+ 62* 65 55 
Replicates 44 26 37 18 23 15 
(No.ofcultures (1911 (IS81 ( I S 7 1  (94) (91) (33)  
assayed) 
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Weight 
ADH Activity 
f e m a l e  Ethanol Tolerance 5% Ethanol 
100 r 
!? 3 5% Ethanol 
o'-^  L O - ,  \ '_I  . . Â ¥ -  . . ^ ,  -n_r^ i-r-^ \s , 
"i i N  
5% Ethanol 
l o b -  MaLe Ethanot To(erance 3 Ethane, 
- *  -. 
,G i , , , c -  > L V ,  L U  " 2 , G  - - - 
- 
0 
Population 
Figure 1 Mean male ADH activities, male weights, and mean percentage survivals of males and females on 3-5 per cent and 5 per 
cent ethanol medium for 20 Australian populations of D. simulans. Each population mean was calculated from the values of 
up to five isofernale lines. Populations are numbered in order of increasing distance from the equator (see "Materials and 
Methods"). 
differences among line\ ' ~ i t h m  popuki[ion's mere I-5 due to the lower number of replicate cultures 
significant for F3.5 and F5. The power of the tested for males. The proportion of variance due  
analysis to detect significant differences among to lines within populations was remarkably similar 
lines for M3-5 and M5 was less than for F3-5 and for all four measures of tolerance. 
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Table 2 gives the matrix of simple correlations 
amongst the six variables. ADH activity was not 
significantly associated with any of the other 
measures. However, weight was positively associ- 
ated with all four tolerance measures, significantly 
so for F3-5 and F5. Amongst the tolerance variables 
all associations were positive and all except that 
between F3-5 and M5 were statistically significant. 
Table 2 Simple correlations between weight, ADH activity, 
F35, F5, M3-5 and MS. 
W T  ADH F3-5 F5 M3-5 
Table 3 gives the correlation coefficients for 
each of the six variables with latitude, longitude 
and altitude 4s might be expected from the 
absence of significant differences among popula- 
[ions i n  the dnalvieb of variance (table 1 ). none of 
ihc six \ ~ n a b l e s  'AJ\ -:gnifKdntIj related to lati- 
tude Nor was there a n \  consistency in the sign of 
the relationship with latitude across the four toler- 
ance variables Amongst the 18 correlations in the 
table, two (weight with longitude and F3-5 with 
altitude\ statiÂ¥;t1c?l1 s isn i f icant  31' t h p  5 per 
cent level, but their biological significance is 
unclear. 
Table 3 Simple correlations of weight, ADH activity, F3-5, 
F5, M3-5 and M5 with latitude (LAT), longitude (LONG) 
and altitude (ALT) 
WT ADH F3-5 F5 M3-5 M5 
LAT -0-10 -0-11 -0-09 -0-08 0-03 0.09 
LONG -0-21* 0-10 -0-03 0-09 -0-17 0-22 
ALT 0-08 -0-06 0-18* 0-19 0-08 -0-04 
DISCUSSION 
W'e have been unable to detect systematic geo- 
graphic variation in ethanol tolerance among 20 
Australian populations of D. simulans collected 
over an 18' latitudinal range. This differs from the 
results of an earlier survey of three Austrdlian 
Â¥,imulan populations by Parsons and Stanley 
19811, who found that tolerance in one southern 
collection \vds greater than the average in two more 
northerly collections. 
Our failure to repeat the earlier observation 
cannot be explained simply by suggesting that ours 
were less sensitive methods of measuring tolerance. 
Our methods, which assess percentage survival on 
ethanol impregnated media, have successfully 
detected latitudinal variation in the tolerance of 
Australian populations of D. melanogaster 
(Anderson, 1982). And conversely, the methods of 
Stanley and Parsons (1981), which assess the 
effects of ethanol vapour on longevity, are similar 
to those used elsewhere to demonstrate latitudinal 
homogeneit1 of tolerance among populations of 
D. simulan~ in the northern hemisphere (David 
and Bocquet, 1975aj. On the basis of its much 
larger sample size, we therefore conclude that the 
present study provides a more reliable description 
of the geographic distribution of tolerance in Aus- 
tralian D. simulans. 
Results for both hemispheres are now con- 
sistent in showing latitudinal homogeneity of toler- 
ance in D. simulans. The results for this species 
also n o w  clearlv contrdst with those for D. 
tni .~l~111ci,yi1\1t~r.  ~i>hich shou;> con;>i->ient latitudinal 
clines for tolerance in both hemispheres (Dd\id 
and Bocquet, 1975a; Stanley and Parsons, 1981; 
Anderson, 1982; Cohan and Graf, 1985) The con- 
sistent clines in D. melanogaster suggest that 
. . p t h i ~ i  - \ I  + ^ i I p r  in(-(=> in thi , ,> . .  - - r  qL!b]?.: t 2  
natural selection. However, it is clear that if selec- 
tion is acting on ethanol tolerance in D. simuhns, 
the selective constraints on tolerance are different 
to those in D. melanogaster. This is consistent with 
the facts that D. melanogaster is relatively more 
abundant in wineries and high ethanol food habi- 
tats (McKenzie, 1974; Monclus and Prevosti, 1979; 
Marks et ai, 1980; Oakeshott et UI!, 1982) and 
shows much greater overall levels of ethanol toler- 
ance (Parsons, 1983). 
Moreover, there are striking parallels in the 
species differences for ethanol tolerance and ADH 
activity. The latter character also shows much 
higher mean values in D. rnelanogaster than D. 
simulans, increases with increasing latitude in D. 
melanogaster in both hemispheres, and is unrelated 
to latitude in D. simulans in both hemispheres 
(Anderson, 1982; Oakeshott et al., 1982; Anderson, 
1985 and the present study). Taken together, all 
these observations suggest that the two sibling 
species differ in their adaptation to environmental 
ethanol although, considered individually, several 
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of them are difficult to interpret. (For example, 
there is no direct evidence of a latitudinal gradient 
in the ethanol levels of Drosophila food resources 
which might select for a tolerance cline in 
D. melanogaster, Anderson, 1985.) 
The present results also suggest a broader con- 
text in which the ecological genetics of the two 
species may differ. For D. melanogaster, recurrent 
latitudinal associations on up to three continents 
have been reported for various measures of body 
size and weight (David and Bocquet, 1975a; 
1975b), four chromosome inversions (Knibb, 
1982), six enzyme polymorphisms (Oakeshott et 
ai., 1984), ethanol tolerance and ADH activity 
(Anderson, 1982; Cohan and Graf, 19851, and 
possibly also lethal and semi-lethal genes (Ives, 
1945). In contrast, the only example to date of 
latitudinal associations recurring across continents 
in D. simulans involves alleles of the Esterase-6 
enzyme locus (Anderson and Oakeshott, 1984). 
Latitudinal variation in body size and weight has 
been recorded for D. simulans in the northern 
hemisphere (David and Bocquet. 1975a; 1975b) 
but the present study reveals no such pattern south 
of the equator. 
There is already evidence that D. simulans 
shows less genetic \anation within population:-. 
than  D. melanogasfer for some morphologi~al 
characters (David and Bocquet, 19^5a, 1975b; 
Anderson, 1985), and for inversion (Ashburner 
and Lemeunier, 1976) and allozyme (Gonzalez et 
a)., 1982; Anderson, 1985) polymorphisms. The 
results s ~ r n r n a r ; \ ~ J  .)!- . . ,ug.;.;,: I?..: P ~ : m : i l a n ~  
also shows less systematic variation between popu- 
lations than D. melanogaster. This could reflect 
different adaptive responses to environmental 
variability, D. melanogaster being more likely to 
segregate differently adapted genotypes and D. 
simulans having greater developmental flexibility 
(Parsons, 1983). However, the little experimental 
evidence available suggests that this is not the case; 
D. simulans in fact shows less developmental flexi- 
bility under various temperature regimes (Levins, 
1969; McKenzie, 1978). An alternative explanation 
for the lower level of genetic variation between 
populations of D. simulans is that migration rates 
are higher in this species; however we are unaware 
of any data to test this proposition. 
. t t ~ h r ~ o ~ ~ l c ~ l i ; ~ ~ r ~ i ~ r i t ~  We are indebted to Dr I. A. Bouss>. Mr 
P. H. Cooke, Dr S. Easteal. Ms A. Y. Game. Or J.  B. Gibson. 
Dr S. W. McKechnie, Dr J .  A. McKenzie, Prof. P. A. Parsons 
and Prof. R. C. Richmond for valuable discussions and com- 
ments on the manuscript. 
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